Abstract The dialysis disequilibrium syndrome is a rare but serious complication of hemodialysis. Despite the fact that maintenance hemodialysis has been a routine procedure for over 50 years, this syndrome remains poorly understood. The signs and symptoms vary widely from restlessness and headache to coma and death. While cerebral edema and increased intracranial pressure are the primary contributing factors to this syndrome and are the target of therapy, the precise mechanisms for their development remain elusive. Treatment of this syndrome once it has developed is rarely successful. Thus, measures to avoid its development are crucial. In this review, we will examine the pathophysiology of this syndrome and discuss the factors to consider in avoiding its development.
Introduction
The dialysis disequilibrium syndrome is defined as a clinical syndrome of neurologic deterioration that is seen in patients who undergo hemodialysis [1] [2] [3] . It is more likely to occur in patients during or immediately after their first treatment, but can occur in any patient who receives hemodialysis. The symptoms involve the neurologic system and are similar to symptoms that occur with increased intracranial pressure or acute hyponatremia, such as restlessness, headache, mental confusion and coma. Because these symptoms are not specific for the disequilibrium syndrome, other diagnoses that must be considered and ruled out are listed in Table 1 [4] .
The exact incidence of dialysis disequilibrium is not known, but seems to be decreasing since the early days of hemodialysis, most likely due to the fact that current patients are initiated on dialysis at much lower urea concentrations than previously [3] . While the exact etiology of the syndrome remains unknown, there are many factors that have been examined and will be reviewed here.
The first description of dialysis disequilibrium was reported in 1962 and presents many of the concepts of the syndrome that will be discussed [5] . The authors noted that while most patients showed improvement in their mental status after hemodialysis, there were several patients that worsened despite the fact that their blood chemistries had improved. Symptoms that were reported included mental confusion, headache and occasional muscle twitching. Measurement of urea in the blood and cerebrospinal fluid (CSF) showed that after hemodialysis treatment, there was a substantial gradient, with the urea concentration in the CSF being higher than that in the blood [5] . The authors concluded that this urea gradient caused water to move into the central nervous system (CNS) and that the increased intracranial pressure that resulted accounted for the symptoms that were described.
The issues raised by the authors are prescient and will serve as the basis for this discussion. First, the movement of urea between the blood and the CSF and its influence on water movement will be discussed. Second, because water movement is primarily responsible for the increased intracranial pressure, we will examine the factors contributing to the osmotic gradient between the blood and the CNS as well as the water permeability of the blood-brain barrier (BBB) and the osmotic pressure exerted by urea. Third, the impact of the rate of removal of urea will be discussed. Last, we will review measures that can be taken to avoid the dialysis disequilibrium syndrome or to minimize its consequences if it has developed.
The CNS and urea
The composition and volume of the neural microenviroment is controlled by the exchange of solutes and water across the BBB, which comprises plasma membranes of neurons and glia, and across the pia and ependyma [6, 7] . The microvasculature of the brain and the choroid plexus of the lateral and fourth ventricles form the blood-brain and blood-CSF barriers, respectively. They control the chemical composition of the brain's extracellular fluid (ECF) and the CSF.
The true BBB is the microvasculature's unfenestrated endothelial cells with their complex tight junctions, which regulate the movement of small organic solutes and ions between the blood and the extracellular space (Fig. 1a) . Astrocytic foot processes encircle the microvessels but are not sealed, allowing the access of the interstitial fluid to the endothelial cell basement membrane. However, the endothelial cells of the BBB have a low ion permeability, high solute reflection coefficient and high electrical resistance compared to other vascular beds [8, 9] .
The reflection coefficient of a solute is the measure of the solute's ability to exert an osmotic force. It is defined as the ratio of its measured osmotic pressure to the ideal osmotic pressure predicted by the van't Hoff equation. Values range from 0 to 1, with a value of 1 meaning that it exerts its maximal osmotic force and a value of zero meaning that it exerts no osmotic force. The reflection coefficient for urea is 0.44-0.59 (vs. 0.48 for glycerol and 0.90 for mannitol), demonstrating its ability to exert some osmotic pressure across the BBB [10, 11] .
With respect to non-electrolyte substances, the tight intercellular junctions and unfenestrated endothelial cells prevent water-soluble and polar substances from rapidly entering the brain interstitial space and the synaptic space. As mentioned previously, the permeability of urea in the brain is relatively low compared to other organic solutes and enters the brain more slowly than in other tissues [12] .
The tight junctions of the cells limit paracellular transport of solutes and water so that transcellular transport is required and consequently can be regulated. Recent evidence shows that specific transporters for both urea (UT-B1) and water (AQP4 and AQP9) are present in these cells and that their expression is altered in uremia [13] . The expression of UT-B1 was found to be decreased by half in the brains of rats that were nephrectomized while the expression of the aquaporins was increased [13] . In addition, hyperosmolality can disrupt the BBB and thus decrease the regulation of transport through this space (Fig. 1b) [14] .
The transport of urea through the BBB has been examined in normal rabbits [11, 12] . It was demonstrated that while urea can enter the CNS, it does so much more slowly in comparison to it entering muscle tissue. The reflection coefficient for raffinose across the BBB was found to be 1.0 compared to the urea reflection coefficient that was shown to be 0.44, indicating that raffinose exerts more of an effect on osmotic water movement than urea at the same concentration [11] .
In those humans who have been studied, the predialysis urea concentration in the CSF was slightly lower than that in the blood [5, 15] . This indicates that there was a slight blood-CSF gradient for entry of urea into the CNS. After hemodialysis, the urea concentration in the CSF was higher than that in the blood, thus setting up an osmotic gradient for the movement of water into the CNS. In their study, Rosen et al. noted that the difference in the CSF-blood urea concentration was greater in those patients with higher predialysis blood urea concentrations (Fig. 2) [15] . In other words, those patients that were more uremic developed a larger osmotic gradient for water to move into the CNS [15] .
Development of cerebral edema
In recent years it has become clear that aquaporins (AQPs) regulate the movement of water in many tissues. The aquaporin present in the blood brain barrier, AQP4, resides in the cell membrane of the astrocytes [16] . Mice that are null for AQP4 do not develop cerebral edema to the same degree that wild-type mice do [16] . Thus, this AQP plays a critical role in the development of cerebral edema. Although AQP4 provides a route for the movement of water from the blood stream into the CNS, there must be an osmotic gradient driving the movement of water. In guinea pigs, the osmotic gradient that was needed to drive significant amounts of water into the CNS was found to be 45 mOsm/kg water [17] . These studies were performed by acutely loading the guinea pigs with water and inhibiting water excretion by giving the animals vasopressin. This osmotic gradient is central to the understanding of the development of cerebral edema during the dialysis disequilibrium syndrome. The key question has been whether or not the gradient produced by the difference in urea concentration alone will account for the water movement into the brain [10] . Current hypotheses to explain the osmotic gradient are the "Reverse Urea Effect" and the "Idiogenic Osmoles" hypothesis.
The "Reverse Urea Effect" is based on the fact that the urea concentration in the CNS remains elevated because of its slower diffusion from the CNS to the blood than the diffusion of urea from the blood into the dialysate compartment. This is essentially the finding that the initial investigators found when they measured urea in the CSF of patients after the hemodialysis procedure and found it to be significantly higher than that of the blood stream. Careful measurements of blood and brain electrolyte, urea and water content in rats that were made uremic by ureteral ligation showed similar results [18, 19] . Rats that were dialyzed rapidly had a much higher urea concentration in the brain than in the blood. The increase in the urea concentration could account for the increased osmolality as there was no evidence of any new osmoles being produced.
The "Idiogenic Osmole" hypothesis is supported by experiments performed in dogs that were also made uremic by ureteral ligation [20] . In these studies, animals were dialyzed rapidly (over 100 min) or slowly (over 200 min) to achieve the same decline in urea concentration in the blood. In the animals that were rapidly dialyzed, the brain tissue had a significantly higher osmolality (27 mOsm/kg water) than the blood at the end of the dialysis procedure. This difference in osmolality could not be explained totally by the changes in electrolytes and urea. Thus, the authors proposed that the increase of brain osmolality was secondary to the new formation of organic molecules called "idiogenic osmoles" [20] .
While there are some disparities between the two hypotheses, there are a number of similarities. First, both investigators demonstrated that the urea concentration in the CNS was much higher than that in the blood at the end of dialysis and that there was an osmotic gradient for water movement into the brain. Secondly, there was ample evidence that there was an increased brain water content after the dialysis procedure, indicating that water had moved down the osmotic gradient into the brain. The differences revolve around the argument of the magnitude of the osmotic gradient and whether or not the high urea concentration could account for this. Fig. 1 A schematic diagram of the blood brain barrier. a The endothelial cell of the microvasculature has tight junctions that prevent paracellular movement of solute and water. Thus, it is the true blood brain barrier [14] . (Reproduced from [37] , with permission). b In the presence of hypertonicity, the astrocyte cell-cell junction is no longer intact. This will allow a more rapid entry of water into the brain tissue. (Reproduced from [37] , with permission) Fig. 2 Urea concentration gradients between the cerebrospinal fluid (CSF) and blood in patients undergoing hemodialysis. Vertical arrows represent the difference in the urea concentrations between the blood and CSF, horizontal axis represents the initial blood urea concentration. As can be seen, the patients with higher initial blood urea concentrations had larger post-dialysis blood-CSF urea gradients. (Reproduced from [15] with permission)
The focus of attention on the magnitude of the gradient was the osmotic gradient found in a study of guinea pigs that showed a gradient of 45 mOsm/kg water would cause the development of cerebral edema [17, 20] . However, with recent data showing that the expression of both AQP4 and AQP9 is increased in the brains of uremic rats, it might be possible that a lower gradient would cause water movement, leading to the development of cerebral edema in uremic patients [13] . It is also possible that the urea gradient might have a larger influence in uremic patients. The reflection coefficient of urea in the CNS has been measured in normal rabbits [11] . With recent data showing that UT-B1 transporter expression in the brain decreases in uremic rats, the reflection coefficient could be higher so that a smaller gradient of urea would have a larger osmotic force [13] . The increased expression of AQP4 and AQP9 and decreased expression of UT-B1 in uremic animals compared to non-uremic ones could result in a higher urea reflection coefficient for urea. This would allow for an increased water movement, with a smaller gradient of urea contributing to the disparity of these hypotheses.
The models used by the investigators were also slightly different. The model used by Arieff et al. was ureteral ligation in the dog [20] , and the animals were then studied 3 days later. The model used by Silver et al. was the rat, and these animals were studied 42 h after ureteral ligation [18] . The difference in the timing of uremia leaves open the possibility that uremic toxins that would lead to the production of "idiogenic osmoles" could occur after 48 h of uremia. It is also possible that the uremic toxins themselves could be the "idiogenic osmoles." These are questions that remain unanswered at the current time.
Evidence for cerebral edema in patients who had developed the dialysis disequilibrium syndrome comes from autopsy data and from radiologic imaging of the brain [1, 21, 22] . In careful studies of rats that had been nephrectomized, magnetic resonance imaging (MRI) confirmed the presence of cerebral edema after the rats received hemodialysis [23] . More interestingly, the authors concluded from the results of their diffusion-weighted MRI study that the edema was interstitial and not intracellular [23] . Similar conclusions were drawn by Chen et al. in their study of hemodialysis patients who underwent diffusion-weighted MRI after their dialysis treatment; these investigators found evidence of interstitial edema and not intracellular edema [24] .
The effect of cerebral acidosis
The role of acidosis in the development of the disequilibrium syndrome is not entirely clear. It has been shown that despite the rapid elevation of blood pH with the bicarbonate infusion of the dialysate, the brain intracellular pH (pHi) and CSF pH are significantly lower in the rapidly dialyzed group [25] . The arterial partial pressure of CO 2 remained unchanged, suggesting that the production of the paradoxical CSF acidosis after rapid hemodialysis was not secondary to systemic hypoventilation.
The increased acidosis of the CNS can alter its ability to regulate solute and water transport through the BBB. In addition, the resulting changes in intracellular organic acids could impact the intracellular osmolality by displacing cations from their binding sites on intracellular proteins [25] . Thus, the role of changes in CNS acid-base levels is very complex and will need further investigation.
The impact of the rate of removal of urea
Arieff et al. examined directly the effect of the rate of urea removal [20] by making the animals (dogs) uremic by ureteral ligation and studying them 3 days later. The initial urea concentration was about 70 mmol/l [approximately 200 mg/dl of blood urea nitrogen (BUN)]. One group of animals was dialyzed over 100 min with a blood flow rate of 12 ml/kg/min and another group was dialyzed over 200 min with a blood flow rate of 5 ml/kg/min. Both groups had identical urea concentrations at the end of dialysis of 25 mmol/l (approximately 70 mg/dl of BUN). These researchers showed that the fast dialysis group developed seizures and increased intracranial pressure, whereas the slow dialysis group did not develop seizures or cerebral edema. These results clearly demonstrate that the rate of urea removal is crucial to the development of the syndrome. Both groups of animals had the same decrease in urea (65 % reduction ratio of urea), but only the fast dialysis group had symptoms.
The difference in osmolality between the brain and blood was larger in the group that received the fast dialysis and led to the idea of "idiogenic osmoles" being created [3, 20] . What is not clear is whether or not the slow dialysis group had idiogenic osmoles present in their brain tissue before the dialysis procedure which were subsequently removed more efficiently because of the slower rate of dialysis.
Unfortunately, there are no human studies comparing various rates of removal of urea to determine the rate at which the disequilibrium syndrome will develop. One case report described a very high urea reduction ratio (70 %) for the initial dialysis that led to the syndrome and ultimately to death of the patient [21] . However, another case report described symptoms occurring with a urea reduction ratio as low as 17 % over 2 h [26] . This patient had a very high urea concentration prior to dialysis (299 mg/dl or about 100 mmoles/l). Thus, not only is the rate of removal of urea critical to the development of the syndrome but also the initial urea concentration. This is most likely due to the fact that the blood-brain urea gradient at the end of dialysis will be higher in those patients with higher urea concentrations prior to dialysis (see Fig. 2 ) [15] .
In addition, other factors that predispose patients to the development of the syndrome will have an impact on which rate of removal will lead to disequilibrium. For example, patients with known seizure disorders or other neurologic conditions are more prone to develop symptoms during dialysis [2, 3] . Another concern for the pediatric nephrologist is the fact that younger patients are more prone to develop disequilibrium [27] . It is unknown why this is true, but it could be related to the smaller volume of distribution of urea in these patients. Thus, while it is not clear what the maximal rate of removal of urea is safe, it is critical to initiate hemodialysis with a low rate of urea removal.
Prevention of the dialysis disequilibrium syndrome
Since the principle factor leading to the disequilibrium syndrome is the development of an osmotic gradient causing water to move into the brain, preventing the development of this gradient should prevent the syndrome. The simplest way to do this is to perform hemofiltration on the patient instead of dialysis [28] . This method of treatment relies on the convective removal of solute from the patient in place of diffusive removal. Thus, the osmolalities of the body fluid compartments will not change as rapidly as they do during standard hemodialysis. This method was shown to reduce some of the symptoms that are related to the disequilibrium syndrome [28] .
Using standard hemodialysis, the approach that is widely recommended is to slowly lower the blood urea concentration. A goal of reducing the urea concentration by 40 % over 2 h for the first treatment is reasonable [29] . This would be a urea reduction ratio [URR0(pre-dialysis BUN − post-dialysis BUN)/predialysis BUN] of 0.4. It must be emphasized that there are no controlled trials demonstrating that this will be safe for all patients. The prescription for achieving this goal will depend on the size of the patient, which determines the volume of distribution of urea. Once this has been estimated, the blood flow rate and time of dialysis can be determined using urea kinetic modeling [30] .
Briefly, the decline in the blood urea concentration can be modeled as a first order kinetic problem and would thus be described by an exponential decay. The rate constant for this process can be approximated by an expression known as KT/V. "K" represents the dialyzer clearance of urea that is a function of the size of the dialyzer and the blood flow rate in milliliters per minute. "T" is the time of the treatment (in min), and "V" is the volume of distribution of urea (in ml), which can be approximated by the total body water. Because of the exponential relationship of this expression to the blood urea concentration, the equation that relates the urea reduction ratio (URR) to the KT/V is the following:
where ln is the natural logarithm. Thus, a urea reduction ratio of 0.4 would be the same as a KT/V of 0.5. It should be pointed out that this is a very simplified version of urea kinetic modeling, but it will serve as a good approximation for initial dialysis treatments. More complex forms of the modeling equations have been developed [30, 31] .
It is important to emphasize that while the degree of reduction in urea is critical, the time of the treatment can also be critical. In the experiments with the dogs, the reduction of urea was the same in both the slow dialysis group and the fast dialysis group. However, only the fast dialysis group developed symptoms. Thus, the "T" in the above expression is usually set at 120 min and then the "K" can be determined after the "V" has been calculated.
In addition to the slow removal of urea, another way to prevent the syndrome is to add an osmotic agent to the blood stream, as this will help prevent the development of a blood-brain osmotic gradient and consequently help prevent cerebral edema. The easiest agent to add to the blood stream is sodium. Most of the modern hemodialysis machines allow for sodium modeling so that the sodium concentration of the dialysate can be set at a much higher concentration throughout the treatment. Using this approach, it has been shown that symptoms related to the syndrome could be prevented in patients undergoing dialysis compared to those who were treated using the standard sodium concentration [32] . The investigators also monitored the electroencephalogram (EEG) of these patients and found abnormalities in only two of the nine patients treated with the higher sodium dialysate compared to ten of the 13 patients treated with the standard sodium dialysate.
Other osmotic agents that have been used include mannitol and glucose [33] . Patients that were dialyzed using either a high glucose concentration in the bath (717 mg/dl) or were given intravenous mannitol (1 gm/kg body weight) had fewer symptoms related to dialysis disequilibrium, and the measured blood osmolality change was significantly reduced. When the two maneuvers were combined, the change in the blood osmolality was reduced even further and the incidence of symptoms was reduced to only 10 % of the control group. When the two maneuvers were compared individually, mannitol infusion had a better outcome than the high glucose dialysate. This has become the traditional agent used in most centers during the initiation of hemodialysis to prevent the disequilibrium syndrome [29] .
Another agent that has been studied is glycerol [34] . When added to the dialysate in the uremic dog model, it was found to be superior to mannitol in preventing the syndrome. In particular, the EEG remained normal when , glycerol was used as compared to the addition of mannitol to the dialysate. This is a theoretical treatment since these experiments were only performed in animals.
Lastly, urea itself can be used in the dialysate to prevent the development of the blood-brain urea gradient. This approach has been used in many of the animal models discussed above and has been shown to prevent the development of the osmotic gradient and signs or symptoms of the syndrome [3, 18, 20] . Kennedy, who first described the syndrome in 1962, used urea in the dialysate of patients who were undergoing hemodialysis and reported his findings in 1964 [35] .
Treatment of the dialysis disequilibrium syndrome
The treatment of disequilibrium after it has developed is aimed at reducing the intracranial pressure of the patient. Standard maneuvers are to give mannitol or hypertonic saline to raise the blood osmolality and to hyperventilate the patient. These attempts have been described in many of the case reports of dialysis disequilibrium; however, they may be futile [21] . Thus, it is crucial for the nephrologist to consider the above options for the prevention of the syndrome.
Conclusion
The dialysis disequilibrium syndrome was initially described over 50 years ago. Although our understanding of the syndrome is more complete now, many details remain unknown. Controlled trials examining various rates of urea reduction will never be performed, and thus most nephrologists err on the side of very slowly reducing the urea concentration in a new patient. In addition, few details are available regarding the treatment and prevention in children. Once the syndrome has developed, it is very difficult to reverse and has a very high mortality rate. This is truly a condition where "an ounce of prevention is worth a pound of cure."
Key points
1. 1. Dialysis disequilibrium can occur in any patient undergoing hemodialysis, but it is more often seen when patients are undergoing their first treatment. 2. Slow removal of urea during the first several treatments is critical for avoiding this syndrome. 3. If a patient shows signs or symptoms of dialysis disequilibrium, steps to lower intracranial pressure can help reduce morbidity and mortality.
Research points
1. The role of acidosis and intracellular pH changes remain ill defined. Studies to determine how acidosis should be corrected could help eliminate this syndrome. 2. While it is clear that there is a urea gradient from the blood into the CSF, the existence and role of idiogenic osmoles remain elusive. Could these represent uremic toxins? 3. The optimal rate of removal of urea remains unknown.
Other methods of preventing rapid changes in osmolality should be investigated.
Questions (answers are provided following the reference list) 
